Abstract-Spherical shells are proposed and presented to improve the gain of a class of wideband phased array systems. This kind of phased arrays is composed of compact elements, which allow for a small distance between elements that is much less than half wavelength at lower operating frequencies. This small distance, as a function of wavelength, results in a small gain. Therefore, shells confronting the array are proposed to improve the gain. The formulations required to define the geometry and material properties of the shell are developed. Two and four element arrays are designed and simulated with and without shells to test the technique, and promising results are obtained at lower frequencies for the array with shells.
INTRODUCTION
Modern wireless communication systems often require wideband performance for multi-function and multi-channel operations. One of the most important components of these systems is phased array antenna because of its ability to steer the beam very fast by an appropriate inter-element phase control [1] . Ideally, phased array antenna system needs to be wideband with large scanning angle. Such system has to be composed of wideband radiation elements with stable radiation patterns of acceptable gain, low cross polarization, and high front-to-back ratio. The maximum steering angle is within the 3 dB beamwidth of the antenna co-polarized pattern; therefore wide 3 dB beamwidth is an important characteristic of the array element. Researchers have done a lot of effort to design wideband elements with stable patterns and wide 3 dB beamwidth for phased arrays [2] [3] [4] [5] [6] [7] .
These efforts concentrated on increasing the antenna impedance bandwidth and enhancing its patterns and pattern stability. However, when using these antennas in phased arrays, many challenges arise. If the distance between elements is more than half wavelength (at higher operating frequencies), grating lobes appear, which limit the array scanning capability and make the usable bandwidth of the phased array much less than the bandwidth of the antenna. For example, the bandwidth of the antenna presented in [5] is more than 100%, while the usable bandwidth of the array is 71%. On the other hand, if the adjacent elements, sharing the same substrate, are too close, this increases the coupling due to the traveling waves in the substrate. High coupling may cause scan blindness and anomalies within the desired bandwidth and scan volume [8, 9] . In addition, the small distance with respect to wavelength (at low operating frequencies) results in low gain.
To overcome this problem, some researchers used pattern synthesis. They introduced intentional nulls on the element pattern at the locations of the grating lobes to be nullified [10] . In [11, 12] , single asymmetric ridge waveguide was used for linear arrays to achieve close element spacing in the scan plane and avoid grating lobes. These two techniques were applied on narrowband arrays like slotted waveguide and patch antenna arrays. A wideband linear phased array with unequal space was introduced in [13] . The patterns were synthesized so that no grating lobes would arise in wideband. Genetic algorithms were used for sub-array amplitude weighting to reduce grating lobes, and presented in [14] for limited scanning only. A tapered balun was designed and introduced for broadband array with closely spaced elements [15] . This design was complex because the radiating elements and the tapered balun were perpendicular to each other.
In this effort, the double rhombus antenna presented in [5] is modified to reduce the size. Then, this miniaturized antenna is used to compose a compact wideband phased array with small element spacing. When the distance between elements decreases, the gain decreases significantly because this distance becomes close to quarter wavelength. Therefore, there is a need for gain improvement technique at these frequencies, which is presented also in this paper. Spherical shells are proposed to improve the gain of this array at low operating frequencies. The results shown in this paper are obtained from Ansoft High Frequency Structure Simulator (HFSS), which is based on Finite Element [16] .
COMPACT WIDEBAND ANTENNA DESIGN
First, the double rhombus antenna [5] is modified to reduce its size. The antenna is printed on a Rogers RT/Duroid 6010 LM substrate of 10.2 dielectric constant, 0.0023 conductor loss (tan δ), and 25 mil (0.635 mm) thickness. The width of the original antenna is 12 mm, and the smallest distance between elements (center to center) is 14 mm. In this case, grating lobes start after 10.7 GHz. Therefore, the largest element in this antenna, which is the longer branch, is modified and studied (see Fig. 1 ). Then, this branch is fixed to 8.5 mm. After that, all other parameters are tuned using parametric study to obtain wide bandwidth, and to decrease the lower operating frequency. The antenna parameters and dimensions are illustrated in Fig. 1 and Table 1 , respectively. The return loss of this design is shown in Fig. 2 . The antenna is operating from 6.5 GHz to 16.2 GHz with a total bandwidth of 86%. The antenna width (8.5 mm) is 30% less than the one in [5] . In terms of wavelength, the antenna width is 0.18λ L and 0.44λ H , while the original one was 0.22λ L and 0.72λ H . The small size of the new design allows for a smaller distance between elements (d = 11 mm instead of 14 mm). This distance is 0.59λ at Table 1 . Dimensions in mm for the antenna in Fig. 1 . 16.2 GHz, which makes grating lobes insignificant for this array at all frequencies. However, since this distance is around quarter wavelength at 6.5 GHz, low gain is expected. Therefore, in the next section, spherical shells confronting the array are proposed to increase the gain at lower frequencies, to the same value when "d" is half wavelength, which is the case with the best gain without grating lobes.
SHELL DESIGN FORMULATIONS
For a point source array in z direction, the array factor (AF) is defined as: • . In addition, this affects the maximum steering angle, as the directivity decreases when the steering angle increases (see Fig. 3 at 45 • ). To improve the radiation patterns when q = 0.5, ψ 2 is required to be equal to ψ 1 . Then
where B is the phase shift required for beam steering in the ideal array. Assume that q = 0.5 again, and assume that we are able to add the phase shift B 2 as in (2), then the two array factors of this array and the ideal one will be identical. However, the problem is how to add a delay which is a function of θ. • , we need to speed up the radiation by adding a material in which the electromagnetic waves travel in a speed more than the speed of light, which is practically impossible right now. To solve this problem let us shift the whole curve in Fig. 4(a) up by π/2. Then,
The first term, B c , is constant for all array elements. The second term, B v , is variable and it is a function of θ, as shown in Fig. 4(b) . One suggestion to add this delay is to add a material with both permittivity and permeability in the front of the antenna as shown in Fig. 5 , where the thickness r is proportional with B v , and can be approximated as follow:
where R 0 is the maximum value of r. The maximum delay (π) happens at θ = 0 • , where r = R 0 . This delay can be calculated by comparing the electromagnetic wave travel time inside the dielectric with its travel time in free space (without shell). Then,
where c is the speed of light, ω = 2πf , and f is the frequency. Then R 0 can be calculated from (5) as follow:
Substitute by R 0 in (4), then
Based on this formula, the required dielectric shell will be similar to the one shown in Fig. 5 .
RESULTS
In order to verify the validity of these formulations and technique, two arrays are designed: 2-element and 4-element arrays. Fig. 6 shows the geometries of these arrays with shells. The gains of the regular arrays are calculated using Ansoft HFSS then compared with the gains with shells at 7 and 9 GHz (low operating frequencies). It is expected that gain will be enhanced more at 7 GHz than at 9 GHz, because the distance between elements at 7 GHz is smaller in terms of wavelength.
Shell R 0 R 0 Figure 6 . 2D and 3D Geometry of 2 and 4-element arrays with dielectric shells.
All the results for 2-element arrays are depicted in Table 2 . Without shell, the gain is 4.8 and 7.81 dB at 7 and 9 GHz, respectively. Then, different shell is added for each frequency. The inner and outer radii of the shell are 26 and 30 mm, respectively, and its height is 10 mm plus the substrate height. The shell height is then increased to 20 mm to study its effect on the gain (see Table 2 ). At 7 GHz, the shell improves the gain from 4.8 to 7.37 dB (53.5% increase). At 9 GHz, the improvement in the gain is not remarkable when ε r = µ r = 3.15 as calculated from (7) . Therefore, other materials are studied with different ε r and µ r values. The gain is found to be improved more when ε r and µ r decrease with a maximum gain at ε r = µ r = 2.2. The gain improvement is 7.4%. When the shell height is increased to 20 mm, the gain improvement becomes better (55% and 11% at 7 and 9 GHz compared to 53.5% and 7.4%).
The same results are repeated for 4-element arrays, and the results Table 3 . Maximum gain for 4-element arrays with and without shells and the percentage increment when adding shells of two different heights: 10 and 20 mm. are summarized in Table 3 . At 7 GHz, the shell improves the gain from 6.81 to 8.39 dB (23.2% increase). At 9 GHz, the improvement in the gain is 7.4% when ε r = µ r = 2.2. When the shell height is increased to 20 mm, the gain improvement becomes 25.1% and 9.2% at 7 and 9 GHz. These results show that the shell is effective at low frequencies.
CONCLUSIONS
The double rhombus antenna is modified, and the new design is 30% less in size with 86% bandwidth. Formulations are developed and presented for designing spherical shell to enhance the gain of an array with these small antennas, where the distance between elements is much smaller than half wavelength. Two and four element arrays are designed with and without shells to test the technique. Good enhancement in the gain is obtained especially at 7 GHz, where the distance between elements is close to quarter wavelength.
